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Introduction {#sec006}
============

Sarcomas are a rare and heterogeneous set of diseases that have a mesenchymal origin in bone or soft tissue. Soft tissue sarcomas (STS) are composed of more than 70 different subtypes and account for approximately 1% of all tumors \[[@pone.0188116.ref001],[@pone.0188116.ref002]\]. In 2017 it is estimated that 12,390 people in United States will be diagnosed with STS \[[@pone.0188116.ref003]\]. The heterogeneity of STS poses a therapeutic challenge. The prognosis for metastatic STS is dismal \[[@pone.0188116.ref004]\], with a median overall survival (OS) of approximately 12 months \[[@pone.0188116.ref001],[@pone.0188116.ref005],[@pone.0188116.ref006]\] indicating a strong need for new therapeutic options.

Treatment of metastatic disease remains unsatisfactory due to limited active chemotherapy options \[[@pone.0188116.ref001]\]. Traditionally, first-line treatment for metastatic STS is an anthracycline as monotherapy or in combination with ifosfamide \[[@pone.0188116.ref007]\]. At the time of progression, other treatment options include gemcitabine in combination with dacarbazine \[[@pone.0188116.ref008]\], gemcitabine in combination with docetaxel \[[@pone.0188116.ref009],[@pone.0188116.ref010]\], or single-agent paclitaxel for angiosarcoma \[[@pone.0188116.ref004],[@pone.0188116.ref011]\]. However, combination chemotherapies have historically not been shown to improve OS when compared with single agents \[[@pone.0188116.ref012],[@pone.0188116.ref013]\]. Extraskeletal myxoid chondrosarcoma and dedifferentiated chondrosarcoma are aggressive sarcomas that are typically weakly active to cytotoxic chemotherapies \[[@pone.0188116.ref014],[@pone.0188116.ref015]\]; recently preliminary evidence of efficacy has been demonstrated with targeted therapies in retrospective studies \[[@pone.0188116.ref016],[@pone.0188116.ref017]\]. In 2016 olaratumab, a human platelet-derived growth factor receptor α antibody (anti-PDGFR-α), received US Food and Drug Administration approval for the treatment of STS in combination with doxorubicin \[[@pone.0188116.ref018]\]. The combination resulted in an impressive OS benefit of 26.5 months in the olaratumab with doxorubicin arm versus 14.7 months in the doxorubicin arm in their registration study \[[@pone.0188116.ref019]\]. Other sarcoma regimens combining cytotoxic and targeted therapies may be promising.

Pazopanib is a multi-targeted tyrosine kinase inhibitor (TKI) that inhibits vascular endothelial growth factor receptor (VEGFR)-1, -2, and -3; PDGFR-α and -β, and stem cell factor receptor (c-Kit), B-Raf and others \[[@pone.0188116.ref020],[@pone.0188116.ref021]\]. In the Phase 3 PALETTE study in patients with progressive, metastatic STS, those treated with pazopanib demonstrated significantly longer median progression-free survival (PFS) compared with those in the placebo group (4.6 months versus 1.6 months) \[[@pone.0188116.ref005]\]. Importantly, in preclinical and translational studies, pazopanib inhibited activation of both phosphoinositide 3-kinase (PI3K) and MAPK/extracellular signal-regulated kinase (ERK) pathways \[[@pone.0188116.ref021],[@pone.0188116.ref022]\], along with the above-mentioned oncogenic pathways in multiple tumor types \[[@pone.0188116.ref020]\]. Thus, if a cancer cell relies on the activation of PI3K and MAPK pathways for its survival, pazopanib may have enhanced anti-tumor efficacy.

To this end, temozolomide is a novel alkylating agent that exerts its effects through the formation of 5-3-methyl-1-triazenolimidazole-4 carboxamide, which is the putative active metabolite of dacarbazine \[[@pone.0188116.ref023]\]. Temozolomide, alone or in combination with other forms of cytotoxic chemotherapy, has been demonstrated to have activity in sarcoma \[[@pone.0188116.ref004]\]. A phase II trial evaluated the efficacy of temozolomide in 25 patients with unresectable or metastatic STS and showed modest activity in terms of PFS and OS: after a median follow-up of 13.2 months, median PFS was 2 months and median OS was 13.2 months \[[@pone.0188116.ref023]\]. Although the exact mechanism by which temozolomide causes cell death is largely unknown, recent pre-clinical data suggest that there is increased apoptotic activity in multiple sarcoma cell lines treated with temozolomide and altered signaling through the PI3K/Akt pathway and the ERK 1/2 pathway \[[@pone.0188116.ref024]\]. The authors suggest that increased signaling through these mitogenic pathways may explain the varied response to temozolomide across multiple cell lines \[[@pone.0188116.ref024]\].

We thus hypothesize that during progression on pazopanib, the tumor cells have begun developing escape pathways around the tyrosine kinase inhibition. However, the addition of temozolomide after progression on pazopanib may re-induce a tumor response by inducing cellular damage that necessitates the upregulation of the PI3K/Akt pathway. Despite the upregulation of escape pathways, the tumor now becomes increasingly dependent on PI3K/Akt activation; however, this activation remains downregulated by pazopanib ([Fig 1](#pone.0188116.g001){ref-type="fig"}), leading to a clinical response. Bevacizumab, a specific anti-VEGF therapy has activity in STS \[[@pone.0188116.ref004],[@pone.0188116.ref025]\]. Pre-clinical models have shown that anti-VEGF therapy leads to increased tumor invasion and migration when given without cytotoxic chemotherapy \[[@pone.0188116.ref026],[@pone.0188116.ref027]\]. Continued use of anti-VEGF could result in tumor escape through vascular co-option \[[@pone.0188116.ref026],[@pone.0188116.ref028]\], which ultimately could lead to disease progression due to intratumoral signaling. This can be seen more commonly in highly vascularized tumors such as glioblastomas multiforme \[[@pone.0188116.ref026]\]. The use of cytotoxic chemotherapy can lead to cellular damage, leading to increased repair enzymes, and ultimately leading to increased levels of VEGF, which is then inhibited by pazopanib. Grossman et al. evaluated the effect of combination of anti-VEGF therapy with temozolomide in an experimental malignant glioma model and showed that combination therapy does not reduce the efficacy of either drug and can significantly improve median survival \[[@pone.0188116.ref029]\]. Furthermore, in glioma cell lines there is a suggestion that cediranib, a highly potent VEGFR inhibitor (VEGFRi), enhanced the effectiveness of temozolomide \[[@pone.0188116.ref030]\]. In this case series, we evaluated the feasibility of adding temozolomide to pazopanib in patients with advanced sarcoma who had progressed on pazopanib.

![A suggested mechanism for combination therapy with temozolomide and pazopanib.\
Temozolomide increases cellular damage, necessitating the upregulation of the PI3K/AKT pathway. Pazopanib prevents the upregulation of this signaling, thereby preventing the tumor cell from overcoming the induced damage. Abbreviations: c-KIT = stem cell factor receptor; FGF = fibroblast growth factor; HIF1-α; hypoxia-inducible factor 1-α; PDGF = platelet-derived growth factor; VEGF = vascular endothelial growth factor.](pone.0188116.g001){#pone.0188116.g001}

Methods {#sec007}
=======

Study design and patient selection {#sec008}
----------------------------------

We conducted a retrospective analysis of data from patients with advanced sarcoma who received pazopanib plus temozolomide at our institution from January 1, 2014 to June 30, 2016, and who were evaluable for toxicity and tumor response. The study was approved by the Ohio State University Institutional Review Board (OSU: 2016C0022).

Patients were eligible for inclusion in the study if they were older than 18 years of age with a pathologically-confirmed diagnosis of soft tissue or bone sarcoma, had received therapy with a single-agent VEGFRi (pazopanib) in the recurrent or metastatic setting and were subsequently treated with pazopanib in combination with temozolomide. Patients were required to have received at least one cycle of pazopanib-based therapy prior to combination with temozolomide.

Data collection (age, sex, histology, prior treatments, stage at diagnosis, toxicity, response, and survival) was performed by a thorough retrospective review of each patient's medical record.

Adverse event evaluation {#sec009}
------------------------

Adverse events were evaluated using Common Terminology Criteria for Adverse Events version 4.0.

Efficacy evaluation {#sec010}
-------------------

PFS, defined as the time from the date of clinic visit prior to starting temozolomide plus pazopanib to disease progression or death, whichever occurred first. Patients were censored if there was no progression at the time of last follow up. All patients were evaluated with computed tomography scans every 8 weeks. Response to therapy was defined according to RECIST version 1.1 criteria and evaluated by the treating physician.

Statistical analysis {#sec011}
--------------------

Demographics, patient characteristics, toxicities, and clinical response were summarized using descriptive statistics (median/range for continuous outcomes, and proportions for categorical outcomes). Survival curves were estimated using the Kaplan-Meier method.

Results {#sec012}
=======

Patient characteristics {#sec013}
-----------------------

Nine patients were identified and eight patients with a range of sarcoma subtypes were evaluated in this analysis ([Table 1](#pone.0188116.t001){ref-type="table"}). At the time of analysis one patient had started on combination therapy 1 month prior, completed one cycle and was tolerating therapy well. This patient was excluded from the analysis since no response data was yet available. Five patients (63%) were female and median age was 48 years (range 21--69). Treatment received prior to pazopanib is shown in [Table 1](#pone.0188116.t001){ref-type="table"}, with a median number of prior therapies of 3 (range 1--4).

10.1371/journal.pone.0188116.t001

###### Sarcoma subtype, prior therapy, duration of treatment and best response with pazopanib monotherapy.

![](pone.0188116.t001){#pone.0188116.t001g}

  Patient ID   Sarcoma subtype                       Prior therapy                                                                         Duration of treatment with pazopanib monotherapy (months)   Best response to pazopanib monotherapy
  ------------ ------------------------------------- ------------------------------------------------------------------------------------- ----------------------------------------------------------- ----------------------------------------
  1            Sarcoma NOS                           Surgery                                                                               8                                                           SD
  2            Extraskeletal myxoid chondrosarcoma   Sunitinib, radiation, nivolumab                                                       19                                                          SD
  3            Non-uterine leiomyosarcoma            AIM, radiation, denosumab, gemcitabine/docetaxel                                      4                                                           SD
  4            Dedifferentiated chondrosarcoma       Everolimus                                                                            15                                                          SD
  5            Non-uterine leiomyosarcoma            Gemcitabine/docetaxel ± ontuxizumab, doxorubicin, received single-agent bevacizumab   7                                                           SD
  6            Small blue round cell tumor           VAC/IE, radiation with irinotecan                                                     2                                                           PD
  7            Epithelioid sarcoma                   AIM, radiation with paclitaxel, gemcitabine/docetaxel                                 2                                                           PD
  8            Spindle cell sarcoma                  Radiation                                                                             8                                                           SD

AIM = doxorubicin, ifosfamide, mesna; NOS = not otherwise specified; PD, progressive disease; SD, stable disease; VAC/IE = vincristine, adriamycin, cyclophosphamide alternating with ifosfamide and etoposide.

Treatment {#sec014}
---------

All patients received pazopanib (800 mg orally per day) until progression. Median PFS for single-agent pazopanib was 7.5 months (range 2--19) with a best response of stable disease (SD) for most patients ([Table 1](#pone.0188116.t001){ref-type="table"}). At the time of progression, all eight evaluable patients continued on pazopanib (400 mg/day and increased to 800 mg/day if tolerated) daily and also initiated temozolomide (150 mg/m^2^, 7 days on with 7 days off) on a 28-day cycle ([Fig 2](#pone.0188116.g002){ref-type="fig"}).

![Duration of therapy with single-agent pazopanib followed by pazopanib plus temozolomide.\
\*Patient still on therapy at time of analysis.](pone.0188116.g002){#pone.0188116.g002}

Adverse events during combination therapy {#sec015}
-----------------------------------------

The combination therapy was tolerated, with only one patient having a grade 4 toxicity of thrombocytopenia ([Table 2](#pone.0188116.t002){ref-type="table"}). Proteinuria was assessed and was not observed.

10.1371/journal.pone.0188116.t002

###### Adverse events by grade.

![](pone.0188116.t002){#pone.0188116.t002g}

                        Grade 1   Grade 2   Grade 3   Grade 4
  --------------------- --------- --------- --------- ---------
  **Non-hematologic**                                 
  Fatigue               4         3         0         0
  Neuropathy            5         0         0         0
  Anorexia              4         0         0         0
  Nausea                6         1         0         0
  Constipation          4         0         0         0
  Diarrhea              3         1         0         0
  Rash                  1         1         0         0
  Hypertension          4         2         0         0
  Mucositis             0         1         0         0
  Depression            3         1         0         0
  **Hematologic**                                     
  Neutropenia           1         0         0         0
  Thrombocytopenia      0         2         1         1

Response to pazopanib plus temozolomide following pazopanib failure {#sec016}
-------------------------------------------------------------------

The combination of pazopanib plus temozolomide resulted in disease stabilization as best response in three of eight patients at 4 months ([Table 3](#pone.0188116.t003){ref-type="table"}). The clinical benefit rate (partial response \[PR\] + complete response \[CR\] + SD\]) based on best response to combination therapy at 4 months was 50% (4/8). Best response over 4 months was PR (n = 1), SD (n = 3) and progressive disease (PD) (n = 4). Median PFS was 3.5 months (range 0--15). One patient with PD as best response discontinued treatment due to rapidly progressive disease and did not receive one complete cycle of the combination therapy as they were too ill. The median PFS was 8 months (range 5--15) in patients who achieved some clinical benefit (PR/SD). At the time of analysis, three of four patients were still on therapy and tolerating the combination well.

10.1371/journal.pone.0188116.t003

###### Best response to pazopanib plus temozolomide at 4 months.

![](pone.0188116.t003){#pone.0188116.t003g}

  Patient ID                               Sarcoma subtype                       Best response to pazopanib plus temozolomide at 4 months   Duration of treatment with pazopanib plus temozolomide (months)
  ---------------------------------------- ------------------------------------- ---------------------------------------------------------- -----------------------------------------------------------------
  1[\*](#t003fn001){ref-type="table-fn"}   Sarcoma NOS                           PR                                                         15
  2                                        Extraskeletal myxoid chondrosarcoma   PD                                                         2
  3                                        Non-uterine leiomyosarcoma            SD                                                         7
  4[\*](#t003fn001){ref-type="table-fn"}   Dedifferentiated chondrosarcoma       SD                                                         9
  5                                        Non-uterine leiomyosarcoma            PD                                                         1
  6                                        Small blue round cell tumor           PD                                                         0
  7                                        Epithelioid sarcoma                   PD                                                         2
  8[\*](#t003fn001){ref-type="table-fn"}   Spindle cell sarcoma                  SD                                                         5

\*Patient still on therapy at time of analysis.

NOS = not otherwise specified; PD = progressive disease; PR = partial response; SD = stable disease.

Genomic alterations {#sec017}
-------------------

In addition, we also evaluated next-generation sequencing for all patients to identify if there are any key genomic alternations that could be used as a possible predictive biomarker. We did not find any similarities among the patients ([Table 4](#pone.0188116.t004){ref-type="table"}).

10.1371/journal.pone.0188116.t004

###### Genomic alterations.

![](pone.0188116.t004){#pone.0188116.t004g}

                  Alterations
  --------------- -----------------------------------------------------------
  **Patient 1**   CDK4 (amp), ERBB3 (amp), MDM2 (amp), FRS2 (amp)
  **Patient 2**   EGFR (splice site 2061+2T\>C), EWSR1 fusion (EWSR1-NR4A3)
  **Patient 3**   TP53(Q192)
  **Patient 4**   Not Available
  **Patient 5**   TP53(I162F), TSC2(A607T)
  **Patient 6**   CDC73, CIC, FANCC
  **Patient 7**   SMARCB1
  **Patient 8**   CTNNA1 (R731), TP53(C176F)

Amp = amplification.

Discussion {#sec018}
==========

Metastatic STS are difficult to treat and typically resistant to cytotoxic chemotherapy, with a poor overall prognosis \[[@pone.0188116.ref001],[@pone.0188116.ref004]\]. With the use of next-generation sequencing, novel aberrations have been identified and the use of targeted therapies has been beneficial in specific subsets of STS patients, albeit with short-lived activity \[[@pone.0188116.ref004]\]. Preclinical data suggests that temozolomide has activity in sarcoma cell lines, specifically altering the effect of PI3K/Akt pathway \[[@pone.0188116.ref024]\]. Inhibition of VEGFR and other tyrosine kinase receptors with pazopanib has been shown to improve PFS relative to placebo in patients with STS \[[@pone.0188116.ref005]\] and also alter signaling through PI3K/Akt and MAPK pathways \[[@pone.0188116.ref021],[@pone.0188116.ref022]\].

This is the first case series, to our knowledge, evaluating the feasibility of the combination of pazopanib and temozolomide in patients with advanced sarcoma. Our data, although retrospective, comprising a small sample size, and a range of sarcoma subtypes, tentatively suggest that this combination is tolerable and that further investigation of the efficacy of this regimen in a subset of patients with refractory sarcoma may be worth consideration. The ability of this combination regimen to help overcome tolerance to single-agent pazopanib cannot be deduced from this case series and would need to be assessed in a prospective randomized clinical trial vs a group receiving temozolomide monotherapy. At our institution, the starting dose of pazopanib (400 mg/day) administered in combination with temozolomide was lower than the approved dose of 800 mg/day \[[@pone.0188116.ref020]\] and was selected based on studies demonstrating a requirement for significant dose modifications of VEGFRi (vatalanib and vandetanib) when combined with temozolomide. \[[@pone.0188116.ref031],[@pone.0188116.ref032]\] The intermittent dosing of temozolomide used at our institution (150 mg/m^2^ for 7 days on, 7 days off) was selected based on previous studies using the combination of temozolomide and the VEGFi bevacizumab in the treatment of solitary fibrous tumors \[[@pone.0188116.ref033]\].

The median PFS for patients receiving combination treatment in the present study was 3.5 months with a range from 0--15. There were three patients in our cohort who were started on combination therapy and who were already experiencing rapid progression of disease to the point of requiring an ICU admission. The median PFS for these three patients was 1 month compared to 8 months for the remainder of the patients. This suggests that there could be two distinct populations of patients. One that achieves no benefit from the combination therapy and is generally not likely to tolerate even one cycle, and a second population that may achieve slight benefit from the combination, but where potentially neither population may be considered a true responder to combination therapy.

In this population, patients had a median time of 7.5 months (range 2--19) on pazopanib monotherapy. The median time on pazopanib monotherapy in this case series appears to be longer than that in the PALETTE trial, wherein the median duration of pazopanib treatment was 16.4 weeks (range 0--79) \[[@pone.0188116.ref005]\]. This is likely reflective of the low number of patients and the wide range of sarcoma subtypes evaluated in this case series vs the PALETTE trial which randomized 369 patients and only included the most common histological subtypes of STS. Also, the PALETTE trial included patients who had progressed on at least one prior standard chemotherapy. The addition of temozolomide in this study resulted in clinical benefit in four of eight patients, with three patients remaining on combination therapy. In comparison, phase II studies in patients with refractory or metastatic STS demonstrated a clinical benefit rate with temozolomide monotherapy of between 20% and 34% \[[@pone.0188116.ref023],[@pone.0188116.ref034],[@pone.0188116.ref035]\]. The PFS that was reported in these studies was approximately 2 months \[[@pone.0188116.ref023],[@pone.0188116.ref034],[@pone.0188116.ref035]\], and patients with leiomyosarcoma had the greatest benefit to response \[[@pone.0188116.ref023],[@pone.0188116.ref034]\]. Interestingly, although our cohort contained two patients with leiomyosarcoma, these are not the patients who derived the greatest degree of clinical benefit. Although the findings here tentatively indicate the potential benefit of combination therapy in these patients, no firm conclusions can be drawn since direct comparisons cannot be made between the studies. Accordingly, these findings would be interesting to explore further in the context of a prospective study.

Limitations of this study include the retrospective nature, range of sarcomas included, and small sample size. Adverse event data may not have been collected in a uniform fashion compared to those participating in a clinical trial. Next-generation sequencing performed on these patients as part of routine clinical practice failed to identify any key genomic alterations that could be used as a possible predictive biomarker.

In conclusion, our retrospective case series evaluated the feasibility of the addition of temozolomide to pazopanib in heavily pretreated patients with advanced sarcoma, who had predominantly begun developing slow disease progression. The combination of temozolomide with pazopanib was found to be tolerable. In order to determine whether temozolomide extends the clinical benefit of pazopanib vs temozolomide monotherapy, a large, randomized, prospective study would need to be completed. Next generation sequencing could aid in the identification of sarcoma subtype-specific alterations and help elucidate key predictive biomarkers.
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